Mechanisms of development, growth, and rupture of a cerebral aneurysm have been studied by computational fluid dynamics (CFD), calculating hemodynamic parameters, such as wall shear stress, oscillatory shear index (OSI), and relative residence time (RRT). It is well known that the upstream velocity profile and upstream vessel shape influence the computational results. However, few studies have dealt with cases involving a bifurcation upstream of a cerebral aneurysm. Furthermore, the fluid-dynamic effects of multiple structural elements of upstream vessel shape, such as a bifurcation and a bend, on the results of CFD remain unknown. The purpose of this study was to elucidate the fluid-dynamic effects of multiple structural elements of upstream vessel shape such as bifurcation and bend on blood flow and hemodynamic parameters inside an aneurysm. Computations were performed for blood flow in a cerebral aneurysm with upstream sequential elements of a bifurcation, a bend, and a straight section, using four models with different upstream boundaries, i.e., before the bifurcation, after the bifurcation before the bend, after the bend, and after the straight section just before the cerebral aneurysm. The results were compared to elucidate the effect of each upstream structural element on the blood flow and hemodynamic parameters in the cerebral aneurysm. Differences in OSI and RRT resulting from changes in the velocity distribution were observed locally in the aneurysm between the models. It was also found that the effect of the bifurcation on the velocity distribution was greater than that of the bend.
Introduction
Subarachnoid hemorrhage, a severe cerebrovascular disease, can result in death or after-effects, and the possibility of rehabilitation is significantly low. The major cause of subarachnoid hemorrhage is a rupture of a cerebral aneurysm. Various studies, including cell experiments (Cucina et al., 1998; Malek and Izumo, 1995) , animal experiments (Costalat et al., 2011; Meng et al., 2007) , and computational fluid dynamics (CFD) studies have been performed on the mechanisms of development, growth, and rupture of cerebral aneurysms. The relationship between a cerebral aneurysm and its internal hemodynamics has been partially clarified. In CFD studies, such mechanisms have been examined based on the magnitude of wall shear stress (WSS) (Cebral et al., 2010; Hassan et al., 2005; Mantha et al., 2006; Meng et al., 2014; Omodaka et al., 2012; Shojima et al., 2004) and other hemodynamic parameters related to WSS (Meng et al., 2007; Omodaka et al., 2012; Shimogonya et al., 2009; Sugiyama et al., 2013) .
In CFD, one of the important conditions to obtain the correct solution is an appropriate setting of the boundary conditions. It is known that quantitative differences in the hemodynamic parameters occur with changes in the shape and the length of the blood vessel between the upstream boundary and the cerebral aneurysm and the velocity distribution at the inlet. Many studies have been performed including bends at the upstream of a cerebral aneurysm. Hua et al. examined the effect of upstream bends of a blood vessel on the hemodynamics inside an cerebral aneurysm by changing the location where the upstream region was truncated (Hua et al., 2015) . The results indicated that it was necessary to set the upstream boundaries at a distance 20 times longer than the inlet diameter away from the cerebral aneurysm. Meanwhile, Pereira et al. carried out CFD for three blood vessel models with different inlet locations with and without a bend to investigate the appropriate upstream boundary conditions (Pereira et al., 2013) . They showed that quantitative differences in the hemodynamic parameters inside the aneurysm occurred if the bend of the blood vessel between the inlet and the cerebral aneurysm and the upstream velocity distribution were changed. However, few studies have dealt with cases involving a bifurcation upstream of a cerebral aneurysm. Furthermore, the fluid-dynamic effects of multiple structural elements of upstream vessel shape, such as a bifurcation and a bend, on the results of CFD remain unknown.
Computational methods
Commercial computational grid generation software (ICEM CFD, ANSYS, USA) was used to create computational 2 Thus, the purpose of this study was to clarify the fluid-dynamic effects of multiple structural elements of the upstream vessel shape on blood flow and hemodynamic parameters inside the aneurysm. Computations were performed for blood flow in a cerebral aneurysm with upstream sequential elements of a bifurcation, a bend, and a straight section. We prepared four models with different upstream boundaries, i.e., before the bifurcation, after the bifurcation before the bend, after the bend, and after the straight section just before the cerebral aneurysm. The results were compared to elucidate the effects of each upstream structural element on the blood flow and hemodynamic parameters inside the cerebral aneurysm.
Methods

Objectives
This study was approved by the ethical review board at Kohnan hospital. This study dealt with a cerebral aneurysm which developed in the anterior communicating artery (ACoA) ( Fig. 1(a) ). The ACoA is located in a complex blood vessel system where blood flow in the left anterior cerebral artery (L-ACA) and that in the right anterior cerebral artery (R-ACA) merge. To focus on the effects of a bifurcation, a bend, and a straight section upstream of a cerebral aneurysm, we analyzed a case in which the R-ACA from the right internal carotid artery (ICA) to the ACoA was absent, and the cerebral aneurysm received the blood supply only from the left blood vessel system. The subject was a 61-year-old male; other information on the patient's cerebral aneurysm and blood flow is summarized in Table 1 . A clinical image of the cerebral aneurysm during surgery is shown in Fig. 1(b) . The yellowish-white wall (see a white arrow) in the upper right of the cerebral aneurysm was a thickened part. A cerebral blood vessel model including a cerebral aneurysm was obtained based on the angiographic image of the patient. Three-dimensional digital subtraction angiography (3D-DSA) (Innova, 3131, GE Healthcare Japan, Japan) was used to obtain sliced images of the cerebral artery, including the cerebral aneurysm (Sugiyama et al., 2013) . Based on the measured data, the 3D blood vessel structure was reproduced by open source software, the Vascular Modeling Toolkit (VMTK, www.vmtk.org). The region including the cerebral aneurysm was reconstructed from the reproduced blood vessel model by commercial Standard Triangulated Language (STL) correction/editing software (Magics 16.0, Materialise, Belgium) .
To evaluate the effect of the location of the upstream boundary, or the upstream structural elements, on the result of the blood flow field in a cerebral aneurysm, a blood vessel model was extracted, including the bifurcation of ICA to the middle cerebral artery (MCA) and ACA as well as the bends of these vessels, as shown in Fig. 1 (c). Four upstream locations were then defined, i.e., before the bifurcation (Plane A), after the bifurcation before the bend (Plane B), after the bend (Plane C), and after the straight section just before the aneurysm (Plane D). Blood vessel models with upstream boundary on Plane A, B, C, or D were named Model A, B, C, or D, respectively. For all the models, downstream boundaries were set at the same locations.
Quantitative magnetic resonance (MR) velocimetry, using a 3T MRI scanner (Signa HDxt; GE Healthcare Japan, Japan), was carried out before the surgical treatment (Sugiyama et al., 2013 ) to obtain the variation of blood flow rate for setting the inflow and outflow conditions. Suzuki, Funamoto, Sugiyama, Hayase, Miyauchi and Tominaga, Journal of Biomechanical Science and Engineering, Vol.12, No.4 (2017) [DOI: 10.1299/jbse.17-00189] grids for the extracted models (Models A-D). Tetrahedral computational grid and a 3-fold prism layer were generated in the lumen and near the wall, respectively. The size of the computational grid was ranging from 0.1 mm to 0.5 mm, which was determined by preliminary computations using Model A. The velocity error near a high WSS region by the present computational grid was estimated to be less than 5% against a finer computational grid. The total numbers of computational elements for the Models A-D were 808,246, 589,265, 527,553, and 482,592, respectively . The fundamental equations of fluid dynamics, namely, the 3D Navier-Stokes equations and the continuity equation, were solved by commercial thermal fluid analysis software (FLUENT 14.0, ANSYS, USA). The SIMPLE method was used as the computational algorithm. The Green-Gauss node-based gradient method was employed for the gradient and differential calculations, the pressure staggering option (PRESTO!) scheme for interpolating the pressure, and the QUICK method for convection discretization. One cardiac cycle of the patient (T =1.03 s, Table 1 ) was divided into 100 time steps, and the computational time increment was set to 1.03×10 -2 s. In quantitative MR velocimetry, one cardiac cycle was divided into 30 time steps. Thus, the blood flow rate data being linearly interpolated are given as the boundary conditions. The patient-specific blood flow rates measured by MR velocimetry were applied at the upstream boundary on Plane A, B, C, or D, as well as at the downstream boundary of the L-MCA (Fig. 2) . The inlet velocity profile was set to be a uniform parallel flow. Regarding boundary conditions for the remaining arteries of bilateral ACAs downstream of the aneurysm, it was difficult to measure the blood flow rates simultaneously. Therefore, a flow dividing ratio, Q L-ACA : Q R-ACA , was defined to be consistent with the ratio of the average cross-sectional areas measured at five locations at internals of 5 mm from the downstream boundary (Table 1 ). Blood flow rate was then defined at L-ACA based on the flow dividing ratio, while setting zero pressure condition at R-ACA. At the outlets of L-MCA and L-ACA, free outflow condition was assumed in addition to the application of the flow rates. Unsteady computation was performed over 4 cycles for each computational model until a periodic solution was obtained. The fourth cycle was then used for evaluating the blood flow field and hemodynamic parameters. The density and viscosity of blood were assumed as 1,050 kg/m 3 and 3.5 ×10 -3 Pa·s, respectively, and the residual at convergence was set to 1×10 -5 .
Evaluation indices
The flow inside the blood vessel was investigated by visualizing the streamlines at the time of the maximum flow rate. Distributions of the velocity vectors were compared between the results of Models A, B, and C on the cross sections corresponding to the inlets of three models B-D (Planes B-D) and inside the aneurysm at five time points, i.e., the minimum flow rate (t/T = 0.05), acceleration (t/T = 0.10 and 0.15), maximum flow rate (t/T = 0.30), and deceleration (t/T = 0.50). Moreover, distributions of the following hemodynamic parameters inside the aneurysm were compared between the models. Time-averaged wall shear stress (TAWSS) Vol.12, No.4 (2017) [DOI: 10.1299/jbse. where τ is the WSS vector. Oscillatory shear index (OSI)
The OSI indicates the extent of oscillation of the WSS vector over one cardiac cycle (Ku et al., 1985) . The OSI is a dimensionless parameter which ranges over 0 ≤ OSI ≤ 0.5. The case of OSI = 0 means that the direction of the WSS vector does not change over one cardiac cycle. The case of OSI = 0.5 means the direction of the WSS vector changes, and that its summation over one cardiac cycle is zero. Relative residence time (RRT) .
The RRT indicates the residence time of particles near the wall (Himburg et al., 2004) . The unit of RRT is 1/Pa, and a large RRT means that blood flow is retained in that location for a long time. Projected wall shear stress (PWSS)
where  A is the WSS vector in Model A. The PWSS means a projection of the WSS vector in the direction of that of Model A.
Interpolation method
The computational results of Models A-D were obtained with different computational grids. In order to compare the hemodynamic parameters at exactly the same location, two methods were utilized to interpolate the results on the original computational grid of each model onto a target grid created on the aneurysm. The interpolation method 1 adopted the value at the node nearest to the target node. In Fig. 3(a) , the original grid and nodes, P 1 , P 2 , and P 3 , are shown in black, and the target grid and node P are displayed in red. When φ, φ 1 , φ 2 , and φ 3 are hemodynamic parameters (TAWSS, OSI, or RRT in the present study) at the nodes P, P 1 , P 2 , and P 3 , and l 1 , l 2 , and l 3 are distances of P 1 -P 3 from P, the interpolation method 1 determines φ = φ 1 since the distance l 1 is the shortest among the distances. On the other hand, the interpolation method 2 determines the value using those at three surrounding nodes considering their distances from the target node as follows:
For instance, in Fig. 3(b) , the original and interpolated results of TAWSS are compared, with enlarged views Fig. 3 Interpolation method: (a) Original computational grid (black) and target grid (red), and (b) comparison between the original result and results obtained by two interpolation methods. Suzuki, Funamoto, Sugiyama, Hayase, Miyauchi and Tominaga, Journal of Biomechanical Science and Engineering, Vol.12, No.4 (2017) [DOI: 10.1299/jbse. around the high TAWSS region. The interpolation method 1 displays a noisy profile, while the interpolation method 2 almost reproduces the original profile. The same tendency was observed in the interpolations of OSI and RRT, implying that the interpolation method 2 provided a result closer to the original one. Consequently, the interpolation method 2 was used in the following.
Results
Streamlines for Model A at the maximum flow rate viewed from two viewpoints are shown in Fig. 4 . Dotted circles in the figure will be discussed later. The blood flow coming into from Plane A bifurcates before Plane B and reaches the maximum flow velocity in the straight section between Planes C and D. The flow collides with the wall at the neck part of the cerebral aneurysm, bifurcating into the cerebral aneurysm and L-ACA. Fig. 2 . Suzuki, Funamoto, Sugiyama, Hayase, Miyauchi and Tominaga, Journal of Biomechanical Science and Engineering, Vol.12, No.4 (2017) [DOI: 10.1299/jbse.17-00189] Fig. 6 Velocity distribution on the cross section (Plane E) through the cerebral aneurysm for Models A, B, and C. Numbers I-V correspond to the time phases shown in Fig. 2. 
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At the five time phases I-V shown in Fig. 2 , the velocity distributions on Planes B, C, and D are compared between Models A, B, and C in Fig. 5 . The viewpoint of Plane B corresponds to that in Fig. 4(a) , and those of Planes C and D to that in Fig. 4(b) . The result of Model C on Plane C and that of Model B on Plane B were excluded since the velocity distributions were uniform. There is a prominent difference in the velocity distribution on Plane C between Models A and B at the location indicated by a white arrow in Fig. 5 .
The velocity distributions on the cross section (Plane E in Fig. 4 ) through the cerebral aneurysm are compared in Fig. 6 between the models at the five time phases. Differences are observed in the velocity distributions between Models A and B at the location indicated by a white arrow at the time phases III-V.
The distributions of hemodynamic parameters of TAWSS, OSI, and RRT are compared between Models A-D in Fig. 7 . A low TAWSS and a high RRT were observed at the thickening part on the aneurysm as revealed in our previous paper (Suzuki et al., 2015) . No apparent difference is seen between the results of TAWSS, but qualitative differences of OSI and those of RRT appear in the region marked by a dotted circle in the result of OSI in Model A. The dotted circle in Fig. 7 corresponds to those in Figs. 4 and 6. It is noted that the result of Model C is closer to that of Model A than that of Model B is. For quantitative comparison, frequency histograms about TAWSS and RRT, as two characteristic hemodynamic parameters at the thickening site on aneurysmal wall, are compared in Figs. 8 and 9 , respectively. The frequency histograms of Models A and C represent similar distributions, especially with regard to RRT. In contrast, Models B and D show larger populations at low TAWSS values and high RRT values than Model A.
The cause of the difference was further investigated by the variation of PWSS in Fig. 10 at the point marked x in Fig. 7 . The figure shows that the result of Model C is the closest to that of Model A. The results of Models B and D are different from that of Model A, particularly in the systolic phase (t/T < 0.3). Suzuki, Funamoto, Sugiyama, Hayase, Miyauchi and Tominaga, Journal of Biomechanical Science and Engineering, Vol.12, No.4 (2017) [DOI: 10.1299/jbse.17-00189] In this study, the fluid-dynamic effects of multiple structural elements of upstream vessel shape such as bifurcation and bend on the blood flow and hemodynamic parameters inside the aneurysm were clarified. Computations were performed for the blood flow in a cerebral aneurysm with upstream sequential elements of a bifurcation, a bend, and a straight section for four models with different upstream boundaries, i.e., before the bifurcation (Model A), after the bifurcation before the bend (Model B), after the bend (Model C), and after the straight section just before the cerebral aneurysm (Model D). The results were compared to elucidate the effect of each upstream structural element on the blood flow and hemodynamic parameters in the aneurysm.
Evidence of the clarification is that the computational results showed the differences in OSI and RRT in the aneurysm between the models as the effects of upstream bifurcation and bend on the velocity distribution (Fig. 7) . The effect of the bifurcation on the velocity distribution was a greater than that of the bend. In the velocity distribution on Planes B, C, and D, differences between the models were observed in time phases of high flow velocity (Phases Ⅲ and IV in Fig. 5) . Specifically, the difference between Models A and B on Plane C behind the bifurcation results in the difference in velocity in the aneurysm (Fig. 6) . As for the distributions of the hemodynamic parameters of the cerebral aneurysm, there was no apparent difference in TAWSS, but there were qualitative differences in local OSI and RRT (Figs. 7-9 ). The differences in OSI and RRT are ascribed to the difference in PWSS in the systolic phase (Fig. 10) . To our knowledge, there have been few studies on the effect of an upstream bifurcation on the blood flow inside a cerebral aneurysm. The results of this study suggest that the location of the upstream boundary should not be placed just after the bifurcation. As for a bend, Hodis et al. showed that a bend in the ICA renders a prominent difference in the results of the CFD, including velocities, WSS, and OSI inside a cerebral aneurysm (Hodis et al., 2015) . However, in the present study, the relatively small difference between Models A and C implies that the assumption of a uniform velocity profile just after the bend has a small influence on the blood flow inside the aneurysm. On the other hand, the large difference between Models A and B is thought to be resulted from that the velocity profile just after the bifurcation is strongly affected by the bifurcation and is substantially different from a uniform profile. From the above results, it is conceivable that the bifurcation has a larger effect than the bend.
One of the limitations of the present study is that only one blood vessel model was dealt with. Although the present results about the effects of upstream bifurcation and bend of a blood vessel on the blood flow has a certain generality from the fluid-dynamic point of view, further investigation should be conducted using more patient blood vessel models in the future. In addition, the present study dealt with computational analysis of a cerebral artery, but it is assumable that the deviation in velocity distribution by structural changes is more prominent in longer blood vessels Suzuki, Funamoto, Sugiyama, Hayase, Miyauchi and Tominaga, Journal of Biomechanical Science and Engineering, Vol.12, No.4 (2017) [DOI: 10.1299/jbse.17-00189] with higher blood flow velocities due to centrifugal force and Coriolis force. Finally, discussions in this study are mainly qualitative using visualization of streamlines and velocity vectors, whereas quantitative evaluation of the flow field is a future challenge.
Conclusions
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The fluid-dynamic effects of multiple structural elements of upstream vessel shape such as bifurcation and bend on blood flow and hemodynamic parameters inside a cerebral aneurysm were investigated. Computation was performed for blood flow in a cerebral aneurysm with upstream sequential elements of a bifurcation, a bend, and a straight section using four models with different upstream boundaries, i.e., before the bifurcation (Model A), after the bifurcation before the bend (Model B), after the bend (Model C), and after the straight section just before the cerebral aneurysm (Model D). Differences in OSI and RRT were observed locally in the aneurysm between the models, resulting from changes of velocity distribution. It was also found that the effect of the bifurcation on the velocity distribution was greater than that of the bend.
